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Interleukin-6 contributes to CNS axon regeneration
upon inflammatory stimulation

M Leibinger1,2,3, A Müller2,3, P Gobrecht1,3, H Diekmann1, A Andreadaki1 and D Fischer*,1,2

Mature retinal ganglion cells (RGCs) do not normally regenerate injured axons and undergo apoptosis after axotomy. Inflammatory
stimulation (IS) in the eye mediates neuroprotection and induces axon regeneration into the injured optic nerve. Ciliary neurotrophic
factor (CNTF) and leukemia inhibitory factor (LIF) have been identified as key mediators of these effects. Here, we investigated the role
of interleukin-6 (IL-6), another member of the glycoprotein 130-activating cytokine family, as additonal contributing factor. Expression
of IL-6 was markedly induced in the retina upon optic nerve injury and IS, and mature RGCs expressed the IL-6 receptor. Treatment of
cultured RGCs with IL-6 or specific IL-6 receptor agonist, significantly increased neurite outgrowth janus kinase/signal transducers
and activators of transcription-3 (JAK/STAT3) and phosphatidylinositide 3-kinase/protein kinase B (PI3K/Akt) dependently. Moreover,
IL-6 reduced myelin, but not neurocan-mediated growth inhibition mammalian target of rapamycin (mTOR) dependently in cultured
RGCs. In vivo, intravitreal application of IL-6 transformed RGCs into a regenerative state, enabling axon regeneration beyond the lesion
site of the optic nerve. On the other hand, genetic ablation of IL-6 in mice significantly reduced IS-mediated myelin disinhibition and
axon regeneration in the optic nerve. Therefore, IL-6 contributes to the beneficial effects of IS and its disinhibitory effect adds an
important feature to the effects of so far identified IS-mediating factors. Consequently, application of IL-6 or activation of its receptor
might provide suitable strategies for enhancing optic nerve regeneration.
Cell Death and Disease (2013) 4, e609; doi:10.1038/cddis.2013.126; published online 25 April 2013
Subject Category: Neuroscience

Axonal injury in the adult central nervous system (CNS) is
often associated with irreversible damage and loss of function
owing to the limited capacity for neuronal network repair.
Regenerative failure of injured axons has been related to
inhibitory proteins that are associated with CNS myelin or the
glial scar1,2 and to an insufficient intrinsic ability of mature
central neurons to re-grow injured axons.3–5 Therefore, retinal
ganglion cells (RGCs) do not normally regenerate axons after
optic nerve injury, but, instead, undergo apoptotic cell death.6

However, RGCs can be transformed into an active regen-
erative state either by genetic modulation of the janus kinase
(JAK)/signal transducers and activators of transcription-3
(STAT3) or the phosphatase and tensin homolog/phosphati-
dylinositide 3-kinase (PI3K)/protein kinase B (Akt)/mamma-
lian target of rapamycin (mTOR) pathway or by inflammatory
stimulation (IS) in the eye of wild-type animals. RGCs are then
able to survive injury and to re-grow axons into the inhibitory
environment of the lesioned optic nerve.7–11 Thus, IS exerts
neuroprotective, axon growth promoting and significant
disinhibitory effects. IS can be induced either by lens injury
(LI)7,8,12–14 or by intravitreal application of crystallins15 or
Toll-like receptor 2 agonists.16–18 Astrocyte-derived ciliary

neurotrophic factor (CNTF) and leukemia inhibitory factor
(LIF) have been identified as essential mediators of the
neuroprotective and axon growth-stimulating effects of
IS.16,19–21 However, neither CNTF nor LIF exert disinhibitory
effects, suggesting that additional factors contribute to IS-
mediated optic nerve regeneration.22,23

Interleukin-6 (IL-6), as well as CNTF and LIF, belong to the
family of glycoprotein 130 (gp130)-activating cytokines.24 IL-6
acts on target cells through a receptor complex composed of
the full-length IL-6 receptor-a (IL-6Ra) and gp130.24 Alter-
natively, lL-6 can signal through a soluble IL-6 receptor.25,26 In
the healthy CNS, IL-6 expression is generally very low, but
strongly upregulated after ischemia,27 trauma28–30 or in the
peripheral nervous system after axotomy.31,32 In this context,
IL-6 has been shown to stimulate axon regenerationmainly by
overcoming myelin-mediated inhibition.32–35

We have found that IL-6 expression is markedly induced in
the retina after optic nerve injury and IS. The current study
therefore investigated the potential involvement of IL-6
as additional mediator of the beneficial effects of IS. We
analyzed the expression of IL-6R in adult rat retinas and the
response of RGCs to IL-6 exposure. Moreover, the effects of
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IL-6 application and genetic deletion on neurite growth on
permissive and inhibitory substrates in culture as well as on
optic nerve regeneration in vivo were examined. The data
from this study demonstrate that IL-6 is another factor
contributing to the beneficial effects of IS.

Results

Optic nerve injury and IS increase retinal IL-6 expre-
ssion. We measured IL-6 expression in retinas derived from
untreated rats or from animals that were subjected to optic
nerve crush (ONC), IS or ONCþ IS using quantitative real-
time PCR (Figure 1a). IL-6 mRNA was barely detectable in
untreated controls. In comparison, IL-6 expression was
slightly upregulated in retinas 3 days after ONC, IS or
ONCþ IS (Figure 1a). Expression was markedly induced in
retinal tissues 5 days and even further increased 7 days after
surgery with ONCþ IS treatment showing the strongest
expression (Figure 1a). Consistent with mRNA levels, IL-6
protein was detectable in retinal lysates 7 days after surgery
with significant higher amounts after ONCþ IS as deter-
mined by ELISA. No IL-6 protein was detected in untreated
controls (Figure 1b).

IL-6 promotes neuroprotection and neurite outgrowth of
mature RGCs in culture. Using retinal cell cultures, we
tested the effect of IL-6 on neurite outgrowth of mature RGCs
on growth permissive substrate. RGCs were exposed
to increasing concentrations of IL-6 (0, 30, 100, 200 and
400ng/ml). CNTF (200 ng/ml), which reportedly stimulates
axon growth of RGCs,19,36,37 was used as a positive control.
IL-6 increased neurite growth in a concentration-dependent
manner (Figures 2a–c). Significant effects were measured at
concentrations as low as 30 ng/ml and growth was maximal
at Z200 ng/ml IL-6, reaching effects comparable to CNTF
treatment (Figure 2c). The presence of a bioactive IL-6
antibody in the cell culture medium completely blocked IL-6
stimulated, but not CNTF-mediated neurite outgrowth
(Figure 2c). A control antibody (anti-a-parvalbumin) had no
effect (data not shown). As shown previously for CNTF,37 the

addition of forskolin, an activator of adenylyl cyclase, further
enhanced IL-6-stimulated neurite growth (Figure 2d).
We also quantified the number of surviving adult RGCs

cultured for 3, 5 and 7 days (Figure 2e). Consistent with
previous reports,36,37 numbers of neurons did not yet decline
after 3 days in culture (data not shown). However, RGC
numbers in untreated cultures were markedly reduced after 5
and 7 days compared with the original number of RGCs (2 h)
(Figure 2e). Treatment with IL-6 markedly increased the
number of surviving RGCs after 5 and 7 days (Figure 2e),
indicating a neuroprotective effect of IL-6. These effects were
significantly lower than the neuroprotective effect achieved by
CNTF treatment (Figure 2e).

IL-6 overcomes myelin, but not neurocan-mediated
neurite growth inhibition. We next investigated whether
IL-6 may also affect neurite growth of mature RGCs on
inhibitory substrates. To this end, we cultured adult rat RGCs
in the presence of either CNS myelin extract (CME) or the
inhibitory proteoglycan neurocan. Both CME and neurocan
significantly reduced neurite growth of untreated controls and
of CNTF-treated RGCs in comparison to neurite length on
growth-permissive substrate (Figures 3a–d). Neurite out-
growth in the presence of IL-6, however, was not reduced
by CME (Figures 3a and b). This disinhibitory effect of IL-6
was mTOR activity dependent as IL-6-induced neurite growth
was markedly decreased in the presence of rapamycin (RAP;
Figure 3b). Inhibition of mTOR activity by RAP had, however,
no significant effect on axonal growth on laminin.
In contrast to CME, IL-6 could not overcome neurocan-

mediated growth inhibition, as neurite length was reduced
similarly as in CNTF-treated cultures (Figure 3d). Treatment
with Y27632, a potent ROCK inhibitor, which blocks CME
and neurocan-mediated inhibition restored neurite growth to
control levels on permissive substrate (Figures 3a, b and d).
Consequently, cultures exposed to IL-6 together with Y27632
showed similar neurite extension on growth permissive and
inhibitory neurocan substrate (Figure 3d). The survival of
RGCs was not affected by any of these treatments (Supple-
mentary Figure 1a and c).

Figure 1 Inflammatory stimulation (IS) induces retinal IL-6 expression in rats. (a) Quantitative real-time PCR: IL-6 mRNA levels were quantified relative to GAPDH
expression in adult untreated rat retinas (0 days (d)) and in retinas 3, 5 and 7 d after optic nerve crush (ONC) or after IS or after ONCþ IS. Treatment effects: **Pr0.001.
Reported values are means from three independent experiments. (b) ELISA: IL-6 protein levels were determined by ELISA in lysates from untreated retinas (� ) or in retinas 7
days after ONC, IS or ONCþ IS. No IL-6 was detected in control retinas. IL-6 expression was upregulated upon ONC and IS, but the significantly highest IL-6 levels were
observed upon combination of the two treatments. Treatment effects: **Pr0.001
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We next tested whether lower concentrations of IL-6 than
needed for maximal neurite growth stimulation may be
sufficient to overcome myelin inhibition. Co-treatment of
cultures with CNTF (200 ng/ml) and IL-6 (200 ng/ml) did not
enhance neurite growth on laminin further than CNTF alone
(Figure 3c). In contrast, IL-6 overcame myelin inhibition on
CNTF-treated RGCs when applied at 200 and 30 ng/ml, with
outgrowth reaching similar levels as on laminin. These data
demonstrate that the disinhibitory effect of IL-6 is achieved at
lower concentrations than needed for maximal neurite growth
stimulation (Figures 2c and 3c). The survival of RGCs was not

affected by any of these treatments (Supplementary
Figure 1b).

IL-6 receptor is expressed on mature RGCs and
transmits the neurite growth stimulatory effects of
IL-6. To investigate whether IL-6 might mediate its growth-
stimulatory effect through its cognate receptor, we analyzed
the expression of the IL-6 receptor (IL-6R) in the retinal
system (Figure 4). First, we performed RT-PCR on RNA
isolated from adult rat retinas, peritoneal macrophages and a
Müller cell line (rMC1), using PC12 cells as positive control.

Figure 2 IL-6 promotes neuroprotection and potent stimulation of RGC neurite growth in culture (a, b) bIII-tubulin-positive RGCs with regenerated neurites in culture 3
days after exposure to vehicle (con) (a) or IL-6 (200 ng/ml) (b). Scale bar: 50mm. (c) Quantification of neurite growth of dissociated mature RGCs in the presence of
increasing concentrations of IL-6 (ng/ml) and a bioactivity blocking IL-6-antibody (aIL6) as indicated. Values were normalized to untreated controls with an average neurite
length of 4.5mm/RGC. All concentrations tested were significantly different from the untreated control group. Incubation with CNTF (200 ng/ml) was used as a positive control.
Reported values are means of three independent experiments. Treatment effects compared with untreated controls: *Pr0.01,**Pr0.001; antibody treatment effects:
wwPr0.001. (d) Quantification of neurite growth-promoting effects of IL-6 (200 ng/ml) or CNTF (200 ng/ml) in the absence or presence of forskolin (F). Values were normalized
to the untreated control group with an average neurite length of 4.6mm/RGC. (e) Number of surviving RGCs after 2 h, 5 d and 7 d in culture after exposure to vehicle (� ),
CNTF (200 ng/ml) or IL-6 (200 ng/ml). Values were normalized to RGC numbers after 2 h in culture without CNTF or IL-6 treatment with an average of 263 RGCs/well.
Treatment effects within groups: *Pr0.01,**Pr0.001
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IL-6R was detected in the rat retina and rMC1 cells, but not in
peritoneal macrophages (Figure 4a). Western blot analysis
verified the expression of IL-6R protein in the adult rat retina
(Figure 4b). The IL-6R-specific band at B75 kDa was the
same size as recombinantly expressed full-length IL-6R.
The soluble form of IL-6Rs (B55 kD) was not detectable in
retinal lysates (Figure 4b). The specificity of the IL-6R signal
was verified using IL-6R antibody preabsorbed to lysates
from IL-6R overexpressing cells, which strongly reduced

western blot detection (Figure 4b, pread). Immunohistochem-
ical analysis of retinal cryosections showed positive IL-6R
staining in RGCs and cells in the inner nuclear layer (Figure 4c).
This staining was again strongly reduced by antibody pre-
adsorption (data not shown). Retinal IL-6R expression
remained unchanged 5 days after ONC, IS or ONCþ IS as
determined by western blot analysis (Figure 4d).
We next investigated whether the neurite growth-promoting

effect of IL-6 as mediated via IL-6R. IL-6-induced

Figure 3 IL-6 overcomes CME, but not neurocan-induced inhibition of RGC outgrowth. (a) bIII-tubulin-positive rat RGCs with regenerated neurites after exposure to
vehicle (� ), CNTF (200 ng/ml), IL-6 (200 ng/ml) or Y27632 (Y27) (40 mM) after 3 days in culture. The lower row of the depicted cultures was additionally exposed to CNS
myelin extract (myelin). Scale bar: 50mm. (b) Quantification of RGC neurite growth in cultures as in (a) plus groups that were additionally exposed to rapamycin (RAP) as
indicated. Values were normalized to the untreated control group in the absence of myelin with an average neurite length of 7.2 mm/RGC. (c) Primary RGCs were treated with
vehicle (� ), CNTF (200 ng/ml) or CNTFþ IL-6 at 200 ng/ml or 30 ng/ml as indicated. Half of the cultures were additionally exposed to CNS myelin extract (myelin). Values
were normalized to the untreated control group with an average neurite length of 6.6mm/RGC. (d) Quantification of RGC neurite growth in cultures as in (a), but additionally
exposed to the proteoglycan neurocan (NC; 5 mg/ml) instead of myelin. Values were normalized to the untreated control group with an average neurite length of 5.9mm/RGC.
Treatment effects: **Pr0.001, n.s.¼ nonsignificant
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outgrowth of RGCs was markedly reduced in the presence of
a bioactive IL-6R antibody, but not by an anti-a-parvalbumin
control antibody (Figure 4e). The survival of RGCs
in these cultures was not affected (data not shown).
In addition, the designer cytokine IC7 that exclusively binds to
IL-6R,38,39 induced neurite growth comparable to IL-6
application (Figure 4f). These results indicate that IL-6R
stimulation is sufficient to promote neurite growth of primary
mature RGCs.

IL-6 stimulated neurite growth depends on the activation
of the JAK/STAT3 and PI3K/Akt signaling pathways.
To test whether IL-6 indeed activates IL-6R-specific signaling
pathways in primary adult RGCs, we added either recombi-
nant GST, IL-6 or IL-6 together with the JAK/STAT3 pathway
inhibitor AG490 to the medium of unprimed dissociated
retinal cells for 15min. We then analyzed the phosphoryla-
tion of STAT3 by immunohistochemistry and western blot
(Figures 5a and b). Hyper-IL-6, which directly binds to and

Figure 4 IL-6 stimulates neurite growth via the IL-6 receptor. (a) RT-PCR demonstrating the expression of full-length IL-6 receptor (IL-6R) in the adult rat retina (ret), and
the rMC-1 Müller cell line (MC), but not in primary macrophages (MP). PC12 cells endogenously expressing IL-6R served as positive control. RT-PCR of the housekeeping
gene GAPDH verified equal amounts of template cDNA. (b) Western blot analysis detects endogenous IL-6R protein in the adult retina at the same molecular weight as full-
length IL-6R (IL-6RFL), but not soluble IL-6R (IL-6RS) overexpressed in HEK293 cells. Preadsorption of the antibody with HEK cell lysate expressing IL-6R (pread) specifically
diminished IL-6R antibody reactivity. (c) Immunohistochemical staining of adult rat retina sections with anti-IL-6R antibody (red) and anti-bIII-tubulin antibody (green). RGCs
(yellow arrowheads) and other cells in the inner nuclear layer (white arrows) were positively stained with IL-6R antibody. Scale bar: 50 mm. (d) Western blot: Retinal lysates
were generated without treatment (con), or 5 days after optic nerve crush (ONC), inflammatory stimulation (IS) and ONCþ IS. The expression of IL-6R is similar for all these
treatments. Actin served as loading control. (e, f) Quantification of neurite growth of dissociated primary RGCs: (e) the presence of anti-IL-6R antibody (aIL6R), but not the
control antibody against a-parvalbumin compromised the neurite outgrowth-promoting effects of IL-6, but not of CNTF. Values were normalized to the untreated control group
with an average neurite length of 7.3mm/RGC. (f) IC7, a specific IL-6R agonist, stimulates neurite growth to a similar extent as CNTF. Values were normalized to neurite
growth in untreated RGC cultures (� ) with an average neurite length of 5.9mm/RGC. Treatment effects: **Pr0.01. n.s.: nonsignificant
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activates gp130,37,40 was used as a positive control. IL-6 and
hyper-IL-6 treatment induced pronounced upregulation of
STAT3 phosphorylation in comparison to control cultures
treated with recombinant GST protein within 15min. This
increase in STAT3 phosphorylation was specifically blocked
in the presence of AG490 (Figures 5a and b), suggesting
direct activation of the JAK/STAT3 signaling pathway by IL-6.
In addition, we investigated whether IL-6 affects the PI3K/

Akt/mTOR signaling pathway in mature RGCs by quantifying
the number of pS6-positive RGCs as described pre-
viously.11,23 About 19% of untreated rat RGCs were pS6-
positive after 2 h in culture and this proportion decreased to
13% after 3 days (Figures 5c and d). In contrast, IL-6-treated

RGCs maintained the original pS6 level observed after 2 h
even after 3 days (B19%). This effect was abrogated in the
presence of the PI3K inhibitor LY294002 (B14% pS6-positive
cells), suggesting that IL-6 activates this signaling pathway to
modulate mTOR activity. Cultures treated with RAP, a potent
mTOR inhibitor, showed very few remaining pS6-positive
RGCs (B1%; Figures 5c and d).
We next tested whether these activated signaling pathways

contributed to IL-6-induced neurite outgrowth stimulation.
Indeed, application of AG490 (JAK/STAT3) or LY294002
(PI3K/Akt) to retinal cultures abrogated the growth-promoting
effect of IL-6, without affecting outgrowth in untreated control
groups (Figure 6a). As previously reported for CNTF23,
inhibition of mTOR by RAP did not significantly reduce RGC
neurite growth on a permissive substrate (Figure 3b). The
two mitogen-activated protein kinase/extracellular signal-
regulated kinase (MAPK/ERK) pathway inhibitors PD98059
and U0126 enhanced neurite outgrowth in untreated controls
and additionally increased IL-6-induced neurite extension
(Figure 6a), as was previously shown for CNTF.37 The
survival of RGCs in these cultures was not significantly
affected by either treatment (Figure 6b). Altogether, these
data suggest that activation of JAK/STAT3 and PI3K/Akt are
necessary for IL-6-mediated neurite growth stimulation.

Intravitreal injection of IL-6 activates STAT3 and trans-
forms RGCs into a regenerative state. We next tested
how increased IL-6 levels might affect retinal cells in vivo. IL-
6 or bovine serum albumin (BSA) control protein was injected
intravitreally after ONC and the level of phosphorylated
STAT3 was analyzed by immunohistochemistry and western
blotting. In comparison to BSA controls, IL-6 activated the
JAK/STAT3 pathway as indicated by increased pSTAT3
staining in RGCs and cells of the inner nuclear layer within
the first 6 h after injection (Figures 7a and b). Western blot
analysis confirmed increased pSTAT3 levels in IL-6- com-
pared with BSA-injected retinas (Figure 7b). The pSTAT3
signal somewhat declined at 24 and 48h post injection
(Figure 7a), potentially due to the induction of suppressor of
cytokine signaling 3 (SOCS3) expression, which functions as
a negative feedback loop for this pathway.41 Moreover, mRNA
levels of the regeneration-associated genes Sprr1a, Galanin
and Gap-43 were significantly increased in IL-6-injected
retinas compared with BSA treated controls, suggesting that
RGCs were transformed into a regenerative state (Figure 7c–e).
To functionally test whether intravitreally applied IL-6

transformed RGCs into a regenerative state, we prepared
retinal cultures 5 days after ONC and IL-6 or BSA injections.
Positive control groups were subjected to ONCþCNTF
injection or to ONCþ IS treatment, which have previously been
shown to transform RGCs into a potent regenerative state.20,37

Consistent with these earlier reports, intravitreal control injec-
tions with BSA resulted in only weak spontaneous neurite
outgrowth after 24h in culture. IL-6, CNTF and IS treatment,
however, strongly stimulated RGC neurite outgrowth to similar
extent (Figures 8a and b), indicating that IL-6 application
transforms RGCs into a regenerative state.

IL-6 facilitates axon growth in the optic nerve. To explore
whether IL-6 expression might contribute to the beneficial

Figure 5 IL-6 activates the JAK/STAT3 and PI3K/Akt/mTOR signaling
pathways in RGCs. (a) Retinas of adult rats were dissociated and cultured in the
presence of recombinant control protein (GST, 200 ng/ml), IL-6 (IL-6; 200 ng/ml),
IL-6þ JAK inhibitor AG490 (AG) or hyper-IL-6 (hyper-IL6, 200 ng/ml) for 15 min and
then immunocytochemically stained for phosphorylated STAT3 (pSTAT3; red) and
bIII-tubulin (green). Nuclei of cells were stained with DAPI (blue). Scale bar:
100mm. (b) Western blot analysis. Levels of pSTAT3 were detected in dissociated
retinal cell cultures after exposure to GST, IL-6, IL-6þAG or hyper-IL-6 for 15 min.
Detection of b-actin ensured loading of equal amounts of protein per lane. (c) bIII-
Tubulin-positive RGCs (green) were positively stained for phosphorylated S6 (pS6,
red) after 3 days in culture and exposure to vehicle (� ), IL-6, LY-294002 (LY) and
rapamycin (RAP) as indicated. Scale bar: 50 mm. (d) Quantification of pS6-positive
RGCs after 2 h or 3 days in culture and exposure to IL-6, LY-294002 (LY) and RAP
as indicated. Treatment effects: **Pr0.001
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effects of IS in vivo, we used IL-6-deficient mice (IL6� /� ;
Figure 8d, Figures 9d and e). Quantitative real-time PCR
verified that retinal IL-6 expression is also upregulated in
wild-type mice upon ONC and IS (Figure 8c). Wild-type and
IL6� /� mice were then subjected to ONCþ IS. The
regenerative state of RGCs was evaluated by quantifying
spontaneous neurite outgrowth in cultures 5 days after
surgery as described previously.19,20 Interestingly, outgrowth
of untreated (� ) and primed (IS) RGCs from wild-type and
IL-6-deficient animals showed no differences on a growth
permissive substrate (laminin; Figure 8d). However, out-
growth of RGCs from IL-6-deficient animals was significantly
reduced on myelin (Figure 8d). The survival of RGCs in these
cultures was not affected by any of these treatments (data
not shown). These data suggest that IL-6 is not mainly
involved in the initial transformation of RGCs into a
regenerative state upon IS, but that it may facilitate axon
growth in the inhibitory environment of the optic nerve,
thereby contributing to enhanced regeneration. To test this
possibility, we quantified the number of axons regenerating
into the optic nerve 14 days after ONCþ IS in wild-type and
IL6� /� mice (Figure 9d). The amount of regenerating axons
was significantly reduced at various distances from the ONC
site in IL6� /� mice compared with wild-type controls,
confirming that IL-6 deficiency compromises IS-induced

axonal regeneration in the optic nerve. RGC numbers on
retinal sections were comparable in wild-type and IL6� /�

animals (Figure 9e), indicating that the neuroprotective effect
of IS was mainly mediated by factors other than IL-6.19

Repeated injections of CNTF into the vitreous body are
sufficient to delay the degeneration of RGCs and to promote
axon regeneration into the optic nerve.10,20,42–44 We there-
fore tested if IL-6-injections can exert similar effects. For this
purpose, we performed ONC in rats and concomitantly
injected recombinant IL-6 protein. BSA and CNTF injections
or IS served as negative and positive controls, respectively.
The number of regenerating axons and the survival of RGCs
(RGCs/retinal section) were analyzed 2 weeks later (Figures
9a–c). IL-6 and CNTF caused comparable growth of RGC
axons into the distal optic nerve, whereas IS induced
regeneration was significantly stronger (Figures 9a and b).
In contrast, the number of surviving RGCs detected on retinal
sections was significantly lower in IL-6-injected animals in
comparison to CNTF and IS treatment (Figure 9c). There-
fore, IL-6 seems to confer, at least at the concentrations
tested, less neuroprotection on axotomized RGCs than
CNTF in vivo, but nevertheless potently induces axonal
regeneration.

Discussion

IL-6 is a neuroprotective and potent neurite growth-
promoting factor for mature RGCs. IL-6 can contribute
both to injury and repair processes in the CNS depending on
the pathological context.45,46 The current study demonstrates
that IL-6 is neuroprotective to mature RGCs, although weaker
compared with CNTF. Furthermore, IS-mediated neuroprotec-
tion was unchanged in IL6� /� mice (shown in the current
study), whereas it was abolished in CNTF/LIF double knock-
out mice compared with control wild-type animals.19 Together,
these data suggest that most of IS-induced neuroprotection is
mediated by CNTF and LIF rather than IL-6.
However, consistent with a recently published study47 we

found that IL-6 can stimulate neurite growth of RGCs with
similar efficacy as CNTF. This effect was concentration
dependent reaching maximal growth at Z200ng/ml, which
is comparable to the active concentrations reported previously
for dorsal root ganglion (DRG) neurons.32 Likewise, intravi-
treal application of IL-6 induced axon regeneration beyond the
lesion site of the optic nerve to similar extent as CNTF.
The neurite growth-promoting effect of IL-6 was mediated

via the IL-6R, which was found to be expressed in RGCs.
Consistently, RGCs responded within minutes to IL-6 treat-
ment by JAK/STAT3 pathway activation and IL-6-stimulated
neurite growth was blocked by an IL-6R antibody. Moreover,
IC7, a designer cytokine that exclusively binds to IL-6R,38 also
triggered neurite growth stimulation. Therefore, IL-6R may be
a suitable pharmacological target for axonal growth stimula-
tion of injured RGCs.
Downstream of IL-6R the JAK/STAT3 and PI3K/AKt/mTOR

pathways, which have previously been shown to be important
for regenerative axon growth9,48 were activated in RGCs and
their inhibition blocked IL-6mediated growth stimulation. These
same pathways are stimulated upon CNTF application23,37 and
similar to CNTF, co-application of forskolin further enhanced

Figure 6 Neurite growth-promoting effects of IL-6 are dependent on JAK/
STAT3 and PI3K/Akt pathways. (a) Quantification of neurite growth of RGCs 3 days
after treatment of retinal cultures with vehicle (� ), LY294002 (LY), AG490 (AG),
PD98059 (PD) or U0126 (U) together with IL-6 (gray bars) or without IL-6 (black
bars). Data were normalized to values of the control group (� ) with an average
neurite length of 6.1mm/RGC. Treatment effects were either compared with the
group treated with IL-6 only: **Pr0.001; or with the no treatment control group:
wwPr0.001. (b) Quantification of RGC survival of the groups presented in
(a) normalized to the control group (1334 RGCs/well)
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IL-6-stimulated neurite outgrowth. Increased cAMP levels have
been shown to suppress the upregulation of SOCS3, a
negative regulator of the JAK/STAT3 pathway, and might
thereby release the intrinsic cellular brake.44

IL-6 desensitizes RGCs toward myelin inhibition. Con-
sistent with previous studies that used other types of
neurons,32–34 we found that IL-6 treatment could overcome
myelin-induced neurite growth inhibition in cultured RGCs and
that this effect was mTOR activity dependent. Interestingly, this
disinhibitory activity of IL-6 was effective at lower concentra-
tions than required for axon growth stimulation as 30ng/ml
of IL-6 were sufficient to reach maximum disinhibition on

inhibitory myelin substrate. The exact mechanism of this
disinhibition still needs to be elaborated. As IL-6 was insuf-
ficient to block neurocan-mediated growth inhibition, IL-6
probably affects molecular processes upstream of RhoA/
ROCK signaling. Consistently, treatment of RGC cultures with
the ROCK inhibitor Y27632 or with Taxol overcame myelin as
well as neurocan-mediated neurite growth inhibition.22,36,49

This disinhibitory effect discriminates IL-6 from CNTF, as
myelin-induced neurite growth inhibition is unaffected by
CNTF treatment (this study and 22,23,36).

IL-6 contributes to IS-mediated optic nerve regeneration.
Expression of IL-6 in the CNS remains low under normal

Figure 7 Intravitreally applied IL-6 activates the JAK/STAT3 pathway in RGCs and cells of the inner nuclear layer. (a) Immunohistochemical staining of retinal sections
from axotomized rats for pSTAT3 (red) and bIII-tubulin (green) 0, 6, 24 and 48 h after intravitreal injection of IL-6. The nuclei of cells were stained with DAPI (blue). Scale bar:
50mm; GCL, ganglion cell layer; INL, inner nuclear layer. (b) Western blot analysis of retinal lysates for phosphorylated STAT3 (pSTAT3) levels 0.5, 6 and 24 h after intravitreal
injection of IL-6. BSA injections were used as controls. Highest levels of pSTAT3 were measured 6 h after intravitreal application of IL-6. Actin served as loading control.
Experiments were performed on at least three different animals per group. (c–e) Quantitative real-time PCR of retinas from axotomized rats that received intravitreal
administration of either IL-6 or BSA. IL-6 induced the expression of the regeneration-associated genes Sprr1a (c), Galanin (d) and Gap43 (e). Treatment effects: **Pr0.001
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conditions, but it is markedly upregulated after ischemia27 or
trauma28–30 and in the peripheral nervous system after
axotomy.31,32 Accordingly, we did not find significant IL-6 mRNA
or protein expression in the naı̈ve adult retina. IL-6 levels were
induced after optic nerve injury, similar to IL-6 upregulation after
elevation of intraocular pressure47,50 or axotomy in the peripheral
nervous system.31,32 However, strongest induction of IL-6
expression was measured after ONC and additional IS.
Immunohistochemical detection of IL-6 is very challenging as
it is a secreted cytokine,50 but retinal astrocytes, microglia and
even RGCs have been shown to express IL-6 upon ONC or
after elevation of intraocular pressure.47,51 Considering that
even low amounts of IL-6 released by RGCs themselves or by
adjacent cells might be effective on RGCs, it would be
arduous to clearly distinguish whether glial, microglia/macro-
phage or neuron-derived IL-6 contributes to axon regenera-
tion. Nevertheless, our quantitative data demonstrate that
retinal IL-6 mRNA and protein expression are clearly elevated
upon ONC and IS and that IL-6 deficiency reduces IS-
mediated axon regeneration in the optic nerve in vivo and
neurite growth on inhibitory myelin substrate in vitro.

Intravitreal administration of exogenous IL-6 simulta-
neously with optic nerve injury induced regeneration-asso-
ciated genes such as Sprr1a, Gap43 and Galanin52 and
promoted axon growth. Whether IL-6 causes aberrant axon
growth as recently reported for CNTF53 has not been
investigated in the current study. Nevertheless, the initial
transformation of RGCs into a regenerative state upon IS still
appears to be mainly mediated by LIF and CNTF as neither
neuroprotective nor axon growth-promoting effects were seen
in CNTF/LIF double knockout animals19 and, consistently,
neuroprotection was not compromised in IL6� /� mice. These
findings could be explained by the relatively late onset of IL-6
expression in the retina after ONC and the observation that
disinhibitory effects of IL-6 were reached at lower concentra-
tions in the presence of CNTF than necessary for axon growth
stimulation alone (Figure 3c). In contrast to CNTF, whose
expression is already increased 1–2 days after ONCþ IS and
correlated with RGCs entering the regenerative state (starting
2 days after ONCþ IS)20,52 IL-6 levels were still low 3 days
after ONCþ IS and continued to increase 5 days post injury.
Thus, the beneficial effects of IL-6 may becomemost effective

Figure 8 Intravitreally applied IL-6 transforms RGCs into a regenerative state and endogenous IL-6 expression is required for inflammatory stimulation (IS)-mediated
disinhibition in mice. (a) Dissociated rat retinal cell cultures immunostained with bIII-tubulin antibody, showing regenerating RGCs after 24 h in culture. Optic nerves of all
animals were intraorbitally crushed 5 days prior culturing and eyes concomitantly received either intravitreal injections of BSA (1.5 mg), IL-6 (1.5mg) or CNTF (1.5mg) or an IS.
Scale bar: 50mm. (b) Quantification of neurite growth normalized to values from the group treated with ONCþ IS with an average neurite length of 8.6mm/RGC. Four animals
were analyzed per treatment group. (c) Quantitative real-time PCR of adult mouse retinas. IL-6 expression levels were quantified relative to GAPDH expression of untreated
eyes (–) and in retinas 5 days after optic nerve crush (ONC) or ONC + IS. Reported values are means from three independent experiments. (d) Quantification of neurite growth
of dissociated RGCs from wild-type or IL-6-deficient mice cultured either in the absence or presence of myelin after 24 h in culture. All animals had received a conditional ONC ,
while some had additional IS 5 days prior to culturing to determine the regenerative state. At least three animals were analyzed per treatment group. Values were normalized
to values received from wild-type group treated with ONCþ IS and cultured in the absence of myelin with an average neurite length of 4.6mm/RGC. Treatment effects:
**Pr0.001
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at later stages after IS. Consistently, CNTF/LIF double
knockout mice showed slight STAT3 activation 5 days after
ONCþ IS19, which might have been induced by endogenous
IL-6. These initially low IL-6 levels were, however, obviously
insufficient to switch RGCs into an active regenerative state in

the absence of CNTF and LIF.19 In support of this notion,
spontaneous neurite outgrowth of RGCs from IL-6-deficient
and wild-type mice showed no difference. However, RGCs of
IL6� /� animals displayed significantly reduced outgrowth on
myelin in comparison to wild-type animals, suggesting that

Figure 9 Intravitreally applied IL-6 stimulates axon regeneration in the crushed rat optic nerve in vivo, whereas effects of inflammatory stimulation (IS) are significantly
reduced in IL-6 deficient compared with wild-type mice. (a) Longitudinal sections through the optic nerve were stained with an anti-Gap43 antibody 2 weeks after optic nerve
crush (ONC)þ two intravitreal injections of BSA (1.5mg), ONCþ two intravitreal injections of IL-6 (1.5mg), ONCþ two intravitreal injections of CNTF (1.5mg) or ONCþ IS.
Scale bar¼ 100mm. Asterisks indicate the injury site. (b) Quantification of axon regeneration into the rat optic nerve Z0.25, Z0.5 and Z1 mm distal to the lesion site for the
experimental conditions described in a. Five to eight animals were analyzed per treatment group.(c) Quantification of surviving bIII-tubulin-positive RGCs in eye sections from
the same groups as described in a. At least six sections from five to eight different animals were analyzed per treatment group. Total¼ number of RGCs in naive retina.
Treatment effects: **Po0.001, compared with the group treated with ONCþBSA. (d) Quantification of axon regeneration (number of axons growing Z0.5, Z1 and
Z1.5 mm beyond the injury site) per optic nerve in wild-type (wt) and IL-6-deficient (IL6� /� ) mice 2 weeks after ONCþ IS. At least six animals were used per treatment
group. The number of regenerating axons is significantly reduced in IL-6-deficient mice. Treatment effect: **Po0.001. (e) Quantification of surviving RGCs (RGCs per retinal
cross section) of the same eyes as described in d. At least six sections each from six different animals were analyzed per treatment group. Total¼ number of RGCs in naive
retina. Treatment effects compared with total RGCs: **Po0.001; n.s.: nonsignificant
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IL-6 is necessary for the disinhibitory effects of IS. Thus, IL-6
expression may facilitate axon growth in the inhibitory
environment of the optic nerve and, as shown in the current
study, its absence in IL6� /� mice resulted in reduced
regeneration upon IS.
As IL-6 reportedly enhances axon regeneration of DRGs

in vivo,32,34 it might have also potentially contributed to
inflammation-induced preconditioning of DRGs in vivo by
zymosan.54 The underlying mechanisms of this effect are still
unclear as oncomodulin treatment was insufficient to mimic
the effects of zymosan treatment.55

In conclusion, IL-6 contributes to IS-mediated optic nerve
regeneration. In comparison with CNTF, IL-6 exerts myelin-
disinhibitory effects, thereby bringing an important feature
relevant for successful axonal regeneration to the set of
known factors involved in IS. Therefore, IL-6R might be a
potentially important new target for pharmacological interven-
tion to promote optic nerve regeneration.

Materials and Methods
ONC, LI and intravitreal administration. Surgical procedures were
approved by the local authorities (Regierungspräsidium Tübingen) and performed
as described previously.19,56 In brief, adult female Sprague–Dawley rats (weighing
200–230 g) or female IL-6 knock-out mice (B6.129S2-IL-6tm1Kopf/J, Jackson
laboratories; 20–25 g) or corresponding wild-type mice were maintained on a 12-h
light/dark cycle with ad libitum access to food and water. All animals were housed
under the same conditions for at least 10 days before being used in experiments.
Animals were anesthetized by intraperitoneal injections of ketamine (60–80 mg/kg)
and xylazine (10–15 mg/kg), and a 1- to 1.5-cm incision was made in the skin above
the right orbit. The optic nerve was surgically exposed under an operating
microscope; the dural sheath was longitudinally opened. The nerve was completely
crushed 1 mm behind the eye for 10 s using jeweler’s forceps, avoiding injury to the
retinal artery. The vascular integrity of the retina was verified by fundoscopic
examination after each surgery.

For the evaluation of the regenerative state of RGCs in cell cultures, rats received
intravitreal injections either of BSA (1500 ng; Sigma, St. Louis, MO, USA), CNTF
(1500 ng; Serotec, Oxford, UK) or IL-6 (1500 ng; Serotec) solution concomitantly
with and again 3 days after optic nerve injury. After 5 days, rats were killed to either
extract retinal RNA (three retinas per case) or to prepare retinal cell cultures, which
were kept for another 24 h. Each experiment was independently repeated at least
twice. For evaluating the regenerative state of murine RGCs, wild-type or IL6� /�

mice received ONC while some received additional IS. Mice were killed after 5 days
for cell culture preparation and retinal cells were cultured for 24 h. Each experiment
with mice was independently repeated at least three times. For evaluating in vivo
regeneration in the optic nerve, rats received two intravitreal injections of BSA,
CNTF or IL-6 (concentrations see above) 3 and 7 days after optic nerve surgery. We
did not perform additional injections due to the potential risk of damaging the lens. IS
was induced by LI using a retrolenticular approach, puncturing the lens capsule with
the tip of a microcapillary tube as described previously.7 IS was supported by
intravitreal injections of phosphate-buffered saline (10 ml) after retrieving the same
volume from the anterior chamber of the eye. Each experimental group consisted of
at least five rats or mice.

Dissociated retinal cell cultures and immunohistochemical
staining. Dissociated retinal cultures were prepared as described previously.57

In brief, tissue culture plates (4-well plates; Nunc, Wiesbaden, Germany) were
coated with poly-D-lysine (0.1 mg/ml, molecular weighto300 000 Da; Sigma),
rinsed with distilled water and then air-dried. In experiments without prior treatment
of animals in vivo wells were additionally coated with laminin (20 mg/ml; Sigma). To
prepare low-density retinal cell cultures, untreated or in vivo pretreated rats or
mice were killed by an overdose of chloralhydrate solution (14%). Retinas were
rapidly dissected from the eyecups and incubated at 37 1C for 30 min in a
digestion solution containing papain (16.4 U/ml; Worthington; Katarinen, Germany)
and L-cysteine (0.3mg/ml; Sigma) in Dulbecco’s modified Eagle medium (DMEM)
(Invitrogen, Carlsbad, CA, USA). Retinas were then rinsed with DMEM and
triturated in 2 ml DMEM. To remove cell fragments or factors released from the

cells the cell suspension of one retina was immediately adjusted to a volume of
50 ml with DMEM and centrifuged for 5 min, at 200� g. The pellet was carefully
resuspended in 7 ml (rats) or 2 ml (mice) of DMEM containing B27-supplement
(Invitrogen; 1 : 50) and penicillin/streptomycin (Biochrom, Berlin, Germany) (1 : 50).
Dissociated cells were passed through a cell strainer (40 mm, Falcon) and 300ml
of cell suspension were added into each well resulting in a dispersion of cells at
low density. Cultures were arranged in a pseudo-randomized manner on the
plates so that the investigator would not be aware of their identity. Retinal cells
were cultured for either 24 or 72 h and then fixed with 4% paraformaldehyde
(Sigma). They were then processed for immunocytochemical staining.

To test the effects of IL-6 or signaling pathway inhibitors in vitro, dissociated cell
cultures of untreated retinas were prepared and IL-6 was added to the medium at
the following concentrations: 0, 30, 100, 200 and 400 ng/ml. Forskolin (Sigma) was
added to a final concentration of 15mM either alone or in combination with CNTF
(200 ng/ml) or IL-6 (200 ng/ml). A bioactive anti-IL-6 antibody (Biosource, ARC0962,
Paisley, UK) was added at a concentration of 5 mg/ml, an anti-IL-6 receptor antibody
(R&D Systems, Minneapolis, MN, USA) at 5mg/ml, an anti-a-parvalbumin antibody
(Santa Cruz, Dallas, TX, USA) at 5mg/ml, the JAK2 inhibitor AG490 (Calbiochem,
Darmstadt, Germany) at 5mM, the PI3-kinase inhibitor LY294002 (Sigma) at 1 mM,
RAP (LC-Laboratories, Woburn, MA, USA) at 10 nM. The two MAP-kinase inhibitors
PD98059 (Calbiochem) and U0126 (Calbiochem) were added at a final
concentration of 5 mM. All inhibitors were applied either alone or together with IL-
6 (200 ng/ml). In experiments that assessed the effect of IL-6 on CME inhibition, the
final CNTF and IL-6 (both Serotec) concentrations were adjusted to 200 ng/ml and
30 ng/ml. Y27632 (Sigma) was used at a concentration of 40 mM. Inhibitory CME
was obtained according to previously published work36,58 and added to cultures at a
preoptimized concentration of B10mg/ml and preoptimized neurocan (R&D
Systems) at a concentration of 5mg/ml.23

For studying the effect of IL-6 and CNTF on RGC survival (Figure 2e), 50 ml of the
cell suspension were added into 96-well culture plates coated with poly-D-lysine
(0.1 mg/ml, molecular weighto300 000 Da; Sigma). Retinal cultures were either
untreated or treated with CNTF (200 ng/ml) or IL-6 (200 ng/ml) and fixed after 2 h, 3
d, 5 d or 7 d in culture.

After fixation with 4% PFA, cells were prepared for immunocytochemical staining
with a bIII-tubulin-antibody (TUJ-1; (Babco, Richmond, CA, USA; 1 : 2000). bIII-
tubulin is a phenotypic marker for RGCs.12,20,52,59,60 All RGCs with regenerated
neurites were photographed using a fluorescent microscope (� 200) and neurite
length was determined using ImageJ software. In addition, the total number of bIII-
tubulin-positive RGCs with an intact nucleus (40, 6-diamidino-2-phenylindol (DAPI))
per well was quantified to test for potential neurotoxic or neuroprotective effects. At
least three independent experiments were performed to verify the results. The
average neurite length per RGC was determined by dividing the sum of neurite
length per well by the total number of RGCs per well. Values were then normalized
to control groups as indicated. The data are the mean±S.E.M. of four replicate
wells. The significances of intergroup differences were evaluated using analysis
of variance (ANOVA) test, followed by corrections for multiple post hoc tests
(Bonferroni-Holm, Tukey).

For immunocytochemical analysis and protein lysate preparation, RGCs were
dissociated as described above. Recombinant GST (200 ng/ml), IL-6 (200 ng/ml),
IL-6 (200 ng/ml) together with AG490 (20 mM) or hyper-IL-6 (200 ng/ml) was added
to the medium of dissociated retinal cultures. After 15 min, cells were fixed and
stained with an antibody specific for the phosphorylated form of STAT3 (pSTAT3,
1 : 300; Cell Signaling, Danvers, MA, USA) and an anti-bIII-tubulin-antibody
(1 : 2000). To detect mTOR activity, cells were stained with an antibody specific for
phospho-S6 ribosomal protein (Cell Signaling, 1 : 300) after 2 hours and 3 days in
culture. Each experiment was repeated twice to verify the data. To generate protein
lysates, RGCs were harvested after 15 min in culture, centrifuged at 900 r.p.m. for
5 min, and the cell pellets were collected in lysis buffer (see below) and prepared for
western blot analysis.

Western blot assays. For retinal lysate preparation, rat retinas were
dissected and collected in lysis buffer (20 mM Tris/HCl, pH 7.5, 10 mM KCl,
250 mM sucrose, 10 mM NaF, 1 mM DTT, 0.1 mM Na3VO4, 1% Triton X-100, 0.1%
SDS) with protease inhibitors (Calbiochem). Retinas were homogenized by
sonification and centrifuged at 5000 r.p.m. for 10 min at 4 1C. The supernatants
were analyzed by western blot. Separation of proteins was performed by 10%
SDS-polyacrylamide gel electrophoresis, according to standard protocols
(Bio-Rad, Hercules, MA, USA). After SDS-polyacrylamide gel electrophoresis,
proteins were transferred to nitrocellulose membranes (GE Healthcare, Little

IL-6 contributes CNS axon regenertion on IS
M Leibinger et al

11

Cell Death and Disease



Chalfont, UK). The blots were blocked either in 5% dried milk or in 2% ECL
Advance blocking agent in Tris-buffered saline-Tween-20. They were then
processed for immunostaining with either an antiserum against rat phospho-
STAT3 (Tyr705; Cell Signaling; 1 : 5000), a monoclonal antibody against rat b-
actin (Sigma; 1 : 7500), or a polyclonal antibody against the IL-6 receptor (R&D
Systems; 1 : 6000) that was either preadsorbed to a cell-lysate from IL-6 receptor
overexpressing HEK 293 cells (pread) or control HEK 293 cells (MOCK) at 4 1C
overnight. Bound antibodies were visualized with anti-rabbit, anti-goat or anti-
mouse immunoglobulin G (IgG) secondary antibodies conjugated with horseradish
peroxidase diluted to 1 : 80 000 (all Sigma Holland). The antigen–antibody
complexes were detected by enhanced chemiluminescence (GE Healthcare).
Western blots were repeated at least twice to confirm results.

Immunohistochemistry. To prepare tissue sections for immunohistochem-
istry, rats received ONC and after 2 days an intravitreal injection of either BSA
(Sigma; 1500 ng) or recombinant IL-6 (1500 ng; Serotec) solution of 5 ml. At least
four animals were prepared for each group. Animals were anesthetized and
perfused through the heart with cold saline followed by phosphate-buffered saline
containing 4% paraformaldehyde 0, 6, 24 and 48 h after the intravitreal injection.
Eyes with the optic nerve segments attached were separated from connective
tissue, post-fixed for 6 h, transferred to 30% sucrose overnight (4 1C), and
embedded in Tissue-Tek (Sakura, Holland). Frozen sections were cut longitudinally
on a cryostat, thaw-mounted onto coated glass slides (Superfrost plus, Fisher,
Pittsburgh, PA, USA) and stored at � 80 1C until further use. A monoclonal
antibody against bIII-tubulin (Babco; 1 : 2000), polyclonal antibody against rat
phospho-STAT3 (Tyr705; Cell Signaling; 1 : 300), polyclonal anti-growth-associated
protein 43 (anti-GAP-43; custom-made, Invitrogen; 1 : 1000), monoclonal anti-CD 68
(Serotec; 1 : 500), polyclonal anti-IL-6 (R&D Systems, AF506; 1 : 500) and an anti-IL-6
receptor antibody (R&D Systems; 1 : 500) that was either preadsorbed to cell-lysates
of IL-6 receptor overexpressing HEK 293 cells (pread) or control HEK 293 cells
(MOCK) were used. Secondary antibodies included an anti-mouse IgG, anti-goat
IgG, anti-sheep IgG and anti-rabbit IgG antibodies conjugated to Alexa Fluor 488
and Alexa Fluor 594 (Invitrogen; 1 : 1000). To stain cell nuclei, sections were
incubated in a solution containing DAPI for 1 min. Sections were embedded with
Mowiol and analyzed using a fluorescent microscope.

Quantification of axons in the optic nerve and of RGCs in retinal
cross-sections. Regeneration of axons was quantified as described
previously.8,19,20 In brief, the number of GAP-43-positive axons extending
Z0.25, Z0.5 and Z1 mm from the injury site in rats or Z0.5, Z1 and
Z1.5 mm from the injury site in mice in at least six sections per treatment were
counted under � 400 magnification, normalized to the cross-sectional width of the
optic nerve and used to calculate the total numbers of regenerating axons in each
animal. The numbers of bIII-tubulin-positive cells per section were counted in 4–6
retinal sections, averaged per eye and then averaged across all similarly treated
animals to obtain the group means and SE as described previously.16,18,20 The
significances of intergroup differences were evaluated using a one-way ANOVA
test, followed by corrections for multiple post hoc tests (Bonferroni–Holm, Tukey).
Each experimental group included at least five rats or mice.

Cloning of rat IL-6 and IL-6 receptors. IL-6 cDNA was generated from
RNA of peritoneal macrophages, amplified by PCR and cloned into an expression
vector (Stratagene, La Jolla, CA, USA) using the following primers: forward:
50-GCCTACCGCCGATGAAGTTTCTCT-30 and reverse: 50-TATAATGCGGCC
GCCTAGGTTTGCCGA-30. Soluble IL-6R (IL-6Rs) was subcloned from the full-
length receptor pUC19 plasmid (kindly provided by Professor Scheller) into the
pAAV-IRES-hrGFP vector using the following primers: forward: 50-GCTTA
GATTTCGCATGCTGACCGTCG-30 and reverse: 50-GCCTACTCGAGCTAGGG
CAGGGACATG-30.

RNA isolation and quantitative real-time PCR. Total RNA was
isolated from rat and mouse retinas using the RNeasy kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocol. Retina-derived RNA (40 ng)
was reverse transcribed using the superscript II kit (Invitrogen). The cDNA
quantification of IL-6, Sppr1a, Galanin, Gap43 and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) expression was performed with the SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and QuantiTect
primers (Mm_Gapdh_3_SG, Mm_Il6_1_SG, Rn_Gapd_1_SG, Rn_Gal_1_SG,
Rn_Sprr1a_2_SG, Rn_Gap43_1_SG and Rn_IL-6_1_SG QuantiTect Primer

Assay (200); Qiagen) using the Real-Time PCR System (Applied Biosystems
7500). Retina-derived cDNA was amplified during 50 cycles according to the
manufacturer’s protocol. All reactions were performed in duplicates and at least
three independent samples (from different eyes) per group were analyzed.
Quantitative analysis was performed using Applied Biosystems 7500 software,
calculating the expression of IL-6 relative to the endogenous housekeeping gene
GAPDH. Relative quantification was calculated using comparative threshold cycle
method (DDCT). Statistical analysis was carried out by ANOVA followed by post
hoc test (Bonferroni–Holm, Tukey). The specificity of the PCR products from each
run was determined and verified with the dissociation curve analysis feature of the
Applied Biosystems 7500 software.

IL-6 ELISA. To determine IL-6 expression in the rat retina 5 days after surgery,
retinas were dissected, lysed by sonication in 150 ml lysis buffer (50 mM Tris/HCl
pH 7.4, 150 mM NaCl, 250 mM Sucrose, 10 mM NaF, 1 mM DTT, 0.1 mM Na3Vo4,
1% Triton X-100, 0.1% SDS) and supplemented with protease inhibitors. Lysates
were cleared of debris by centrifugation and protein concentrations in the
supernatant were determined by BCA assay (Interchim, France). Fifty microgram
of protein were subjected to the ELISA protocol, according to the manufacturer’s
instructions (Quantikine, R&D Systems). The optical density of each sample was
determined in duplicate with a microplate ELISA reader (Tecan, Switzerland). An
IL-6 concentration curve was used to determine IL-6 levels in retina lysates. The
amount of IL-6 in the entire retina was then extrapolated from the amount of lysate
used for ELISA compared with the lysate volume of the total retina. Each group
consists of three retinas from three rats, respectively.
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